The deformation and fracture behavior of HY-100, a high-strength steel, under high strainrate planar-impact conditions, has been studied with the Laser-Driven Miniflyer apparatus. Cold-rolled copper flyers 3 mm in diameter and either 50 or 100 microns thick have been laser-launched against HY-100 targets, 200 microns thick and nominally 10 mm square. The target specimens were sectioned from the 25-mm-thick HY-100 plate in three mutually perpendicular orientations, either parallel or perpendicular to the plate rolling direction. The back-surface response of the HY-100 targets was monitored with dual VISARs. The flyer velocity was varied to produce a range of behavior, from deformation at low velocities, to damage formation at intermediate velocities, and finally to complete spall failure at the highest velocities. The target specimens were sectioned after testing to examine the microstructure and failure processes of the deformed material. Spall strengths were calculated from the VISAR signals. The VISAR traces showed well-defined elastic precursors, which were similar for all orientations of the specimens. The spall strengths, as estimated from the magnitude of the pullback signal, were also similar for all three orientations. The spall strength increased as the flyer impact velocity increased, to values of about 4.6 GPa. Metallographic examination revealed that damage occurred at lower impact velocities in specimens loaded in the through-thickness direction of the plate, as compared to specimens oriented parallel to the plate thickness, but this difference was not reflected in the pull-back signal or the spall strengths.
INTRODUCTION
HY-100 is a high-strength steel generally used with a quenched-and-tempered martensite microstructure. It is widely employed in naval applications. As such, there is a great deal of interest in understanding its response to high strain-rate loading typical of impact conditions. In this work, small planar specimens have been impacted at different velocities, to examine the deformation and fracture of the steel under conditions that result in spalling.
The impact event was produced with the LaserDriven Miniflyer (LDMF), a device built at Los Alamos National Laboratory (LANL), in which a laser pulse is used to vaporize a coating between a transparent substrate and the flyer. The plasma produced by the laser pulse launches the miniflyer onto the target specimen. Flyer velocities of a few hundreds of meters per second were used in these experiments. The LDMF is an experimentally convenient system for impact studies, since numerous impact events can be conducted in a short time, the flyer and target specimen preparation is relatively simple, and the target can be readily recovered for post-impact examination. In addition, the power of the laser pulse can be easily controlled, which allows the flyer velocity to be similarly varied over a wide range. This allows different levels of damage to be achieved in the target, with deformation at low flyer velocities, creation of damage at intermediate velocities, and complete separation of a layer at the higher flyer velocities.
EXPERIMENTAL PROCEDURE
The nominal composition of the HY-100 steel (wt%) is 0.16C-2.62Ni-1.32Cr-0.25Mo-0.26Mn-0.14Cu-0.22Si-0.008P-0.009S. The 25-mm-thick plate had been heat treated by austenitizing for 1 h at 1195 K, water quenching, tempering for 1.5 h at 910 K, and water quenching. The material was tested in this as-received quenched-and-tempered martensitic condition. Pieces of the plate approximately 10 by 10 mm were sectioned with a high-speed watercooled abrasive wheel. Slices were cut with a lowspeed diamond saw. These slices were ground with progressively finer metallographic papers and water cooling, using a polishing fixture to keep the surfaces flat and parallel, to a final thickness of 200 microns. Specimens were oriented in 3 different directions, as defined by the plate axes. Specimens designated L were taken from the plane perpendicular to the longitudinal rolling direction of the plate. The T specimens were taken from the plane perpendicular to the transverse direction across the plate, and the S specimens were taken from the plane in the shorttransverse direction; i.e. through the plate thickness.
Three-mm-diameter flyers were punched or lasercut from high-purity cold-rolled copper foil (Goodfellow Corporation). The majority of these experiments were conducted with 100-micron-thick flyers. A few shots with 50-micron-thick flyers were conducted, to achieve higher flyer velocities.
The flyers were glued with epoxy to the surface of C-A1 2 O3-A1 layers that had been vacuum-deposited on a transparent substrate. The flyer and substrate, along with the target and appropriate spacers, were positioned in a 5-axis specimen holder, to locate the center of the flyer along the optical axis of the NdGlass launch laser.
A 20-ns pulse was directed through the transparent substrate to vaporize the coating layers, and launch the flyer. The power of the laser could be controlled with a polarizer/halfwave plate attenuator, or by adjusting the laser power supply, to vary the launch velocity of the flyer. Dual VISARs (Velocity Interferometry System for Any Reflector) were used to monitor the displacement of the back surface of the target during the impact event and provide a self-consistent analysis. The back surface of the specimens was sandblasted with fine abrasive power immediately prior to testing to provide a matte surface to minimize specular reflection into the VISARs.
After testing, the target was removed from the specimen holder, and sectioned with a low-speed diamond saw, perpendicular to the plane of the specimen and slightly beside the center of impact. This section was then mounted edge-on and polished using standard metallographic techniques, to show the through-thickness of the target, near the center of impact. The section was examined in the unetched and etched conditions to show the damage in the target and its relationship to the microstructure.
RESULTS AND DISCUSSION
The result of each test is a plot of the free-surface velocity of the back surface of the target, as a function of time. All the tests showed an elastic precursor, with a free-surface velocity of approximately 120 m/s for the S and T specimens, and slightly less, about 110 m/s, for the L-orientation specimens. This elastic precursor was most obvious for the specimens in the T orientation. Following the elastic precursor, the free-surface velocity is nearly constant, or increases only slightly for a brief moment, and then jumps to its maximum value, where it remains approximately constant for a time that depends on the flyer thickness and the wave speed in the flyer; it then decreases rapidly as the rarefaction wave that has traveled from the free surface of the flyer reaches the target back surface. The pull-back signal is defined as the difference between the peak free-surface velocity and the first local minimum after the free-surface velocity begins to decline. The magnitude of this difference can be used to calculate a measure of the spall strength of the material, using the so-called acoustic approximation (3) given by a = V* po C 0 AV (1) where a is the spall strength, p 0 is the original density of the target material, C 0 is the bulk sound speed of the target material, and AV is the pull-back velocity.
A plot of the pull-back velocity as a function of the peak free-surface velocity is shown in Fig. 1 , for each of the 3 specimen orientations. Most of the data are for 100-micron-thick flyers, except as noted. The results are similar for all of the specimen orientations, with the pull-back velocities increasing as the free-surface velocities increase. Thus, the spall strength is increasing as the flyer velocity is increasing. Using Eq. 1, and values of 7.86 g/cm 3 for the density and 4.6 km/s for the bulk sound speed, values for the spall strength of up to 4.6 GPa are calculated, with lower values, around 3 GPa, at intermediate velocities. The data shown in Fig. 1 are similar for all 3 orientations, and the scatter is similar also. There does not appear to be a significant effect of specimen orientation on the spall behavior. Previous work (1) has shown that the texture of this plate material is isotropic. Although the mechanical deformation that the plate received during its fabrication produced some anisotropy in the shape and distribution of inclusions in this material (2), these differences are not reflected in the spall behavior. The highly localized fracture process means that a very small volume of material is sampled in each test, which may reduce the effect of inclusions.
Previous results for other materials (4,5) generally show a constant pull-back velocity at higher freesurface velocities, indicating that an approximately constant spall strength was reached as the flyer impact velocity increased. No such plateau has been reached for this material. Additional experiments with higher flyer velocities are needed to determine if a constant spall strength will be reached, or if the spall strength will continue to increase as flyer velocity increases. Note also that the higher velocity events in the present study are for 50-micron-thick flyers. It is not believed that the flyer thickness plays a significant role in the spall strength results, but high velocity tests with 100-micron flyers are needed to confirm this.
The metallographic examination of the sectioned targets revealed no visible damage at the lowest impact velocities, as expected. At intermediate velocities, damage was present, in the form of cracks. These cracks tended to be linear, suggesting a brittle mode of failure. At higher velocities, additional damage was present. Both linear cracks, as noted previously, and more rounded voids characteristic of ductile microvoid coalescence, were present. As the impact velocity increased, the amount of damage increased, and the cracks began to interact and link together. Eventually, the cracks became continuous, with a blister developing, with complete separation of a layer of material bulging out from the bulk of the target. Damage in the sectioned specimens was observed at lower impact velocities for specimens in the S orientation than for L or T specimens. Damage was present at peak free-surface velocities of about 290 m/s for the S specimens, as compared to velocities of 330 m/s for the L and T specimens. This may reflect the inclusion orientation, since the plane of the inclusions would match that of the Sorientation specimens, whereas it would be perpendicular to the T or L specimens.
Prior work with Cu and Au (4, 5) has shown that the VISAR trace can indicate the presence of spall damage at very early stages of the spall process. The formation of a damaged layer produces release waves that are sent toward the free surface, where they can be observed by the VISAR. These signatures of the spall process will have a periodicity that is determined by the thickness of the spall layer, rather than the target thickness, as would be the case if spall was not present. However, the present experiments show a different behavior. Although some experiments showed subtle changes in the VISAR results, in general the VISAR traces did not show obvious evidence for damage at intermediate free-surface velocities. Unambiguous evidence for spalling was not observed on the VISAR signal until peak free-surface velocities of about 380 m/s, for all specimen orientations, despite the fact that significant damage was present at velocities as low as 290 m/s for S-orientation specimens, and 330 m/s for T or L specimens, as indicated by the metallographic sections. The metallographic sections also suggest that latertime events may influence the damage morphologies observed in the failed specimens. In the initial stages of damage formation, the cracks tend to be linear. When damage is more extensive, the linear cracks are still observed, but there are also rounded voids, suggesting a more ductile failure mode. This may have been caused by changes in stress state. When the target is intact, the stresses are highly triaxial, and nearly hydrostatic. The high hydrostatic stress suppresses yielding, and the large maximum tensile stress favors cleavage fracture. Thus, ductile failure modes are suppressed, and the initial damage that forms occurs by a cleavage mechanism. However, the formation of damage, and the resultant free surface, will alter the local stress state, and may allow ductile modes of failure to become operative. This may account for the appearance of microvoids as the level of damage increases.
At the higher levels of damage, extensive linking between the damaged regions is observed. Some sections showed reduction of the through-thickness of the targets, and occasionally tearing of the material out to the free surface. At high strain rates, HY-100 has a low rate of work hardening (1) . The low rate of work hardening will promote strain localization, which may account for the necking and tearing in the vicinity of the damaged areas.
CONCLUSIONS
Planar impact of small specimens of HY-100 steel has been studied with the Laser-Driven Miniflyer apparatus. Initially damage forms by a brittle mode, with additional ductile modes operating when damage is more extensive. The spall strength, as calculated from the pull-back signal, continues to increase as the flyer impact velocity increases, with values of up to about 4.6 GPa, independent of specimen orientation. Damage occurs at lower impact velocities for S-orientation specimens than for L or T specimens, but this difference is not seen in the pull-back velocities or spall strengths.
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